Ectopic expression of transcription factors has been used to reprogram differentiated somatic cells toward pluripotency or to directly reprogram them to other somatic cell lineages. This concept has been explored in the context of regenerative medicine. Here, we set out to generate dendritic cells (DCs) capable of presenting antigens from mouse and human fibroblasts. By screening combinations of 18 transcription factors that are expressed in DCs, we have identified PU.1, IRF8, and BATF3 transcription factors as being sufficient to reprogram both mouse and human fibroblasts to induced DCs (iDCs). iDCs acquire a conventional DC type 1-like transcriptional program, with features of interferon-induced maturation. iDCs secrete inflammatory cytokines and have the ability to engulf, process, and present antigens to T cells. Furthermore, we demonstrate that murine iDCs generated here were able to cross-present antigens to CD8 + T cells. Our reprogramming system should facilitate better understanding of DC specification programs and serve as a platform for the development of patient-specific DCs for immunotherapy.
INTRODUCTION
Cell reprogramming refers to the concept of rewiring the transcriptional and epigenetic network of one cell state to that of a different cell type. Mouse and human somatic cells can be reprogrammed into induced pluripotent stem cells by the expression of transcription factor combinations (1) . Alternative somatic cell fates can also be instructed by direct lineage reprogramming using transcription factors specifying target-cell identity including myocytes, neurons, and hepatocytes (2) . Hematopoietic progenitors and mature cells have also been generated using this strategy (3) (4) (5) .
Among mononuclear phagocytes, dendritic cells (DCs) excel in their ability to sense, process, and present antigens to lymphocytes in secondary lymphoid organs orchestrating adaptive immune responses (6) . DC subsets have been described based on receptor expression, ontogeny, and function. In the bone marrow (BM), monocyte DC progenitors (MDPs) give rise to common DC progenitors (CDPs), which differentiate only into cells from DC lineage, such as conventional DCs (cDCs) and plasmacytoid DCs (pDCs). cDCs can be further subdivided into functionally distinct cDC type 1 (cDC1) and cDC type 2 (cDC2) cell lineages. Whereas cDC1 cells are specialized in antigen cross-presentation, initiating cytotoxic T cell responses (7), cDC2 cells prime CD4 + T cells through major histocompatibility complex class II (MHC-II)-restricted presentation. Several transcription factors have been implicated in both DC development and subset specification (6, 8, 9) . Given the pivotal role of DCs in driving immune responses, we asked whether transcription factor combinations could instruct DC identity and endow fibroblasts with professional antigen presentation capacity.
RESULTS

Screening for DC-inducing transcription factors
To identify candidate transcription factors to induce DC identity and their function as antigen-presenting cells (APCs), we used three complementary approaches: (i) a developed predictive computational tool, GPSMatch; (ii) literature mining; and (iii) analysis of available gene expression datasets, leading to the identification of 18 candidates (table S1). Gene ontology (GO) analysis highlighted the fundamental role in DC differentiation and activation, whereas genetic perturbations were associated with immune phenotypes (fig. S1A). We also verified that the 18 transcription factors are specifically enriched in DCs (fig. S1B) when compared with other tissues and macrophages, which are less efficient APCs (fig. S1C, left) (10) and are expressed during DC ontogeny (fig. S1C, right) (9) .
We used mouse embryonic fibroblasts (MEFs) harboring a DC-specific reporter system (Clec9a-Cre X R26-stop-tdT mouse, hereafter called Clec9a-tdT) to identify DC-inducing transcription factors. In Clec9a-tdT reporter mice, tdT fluorescent protein is expressed in DCs and committed precursors (11) . We confirmed that, within the immune system, Clec9a gene expression is restricted to DCs ( fig. S2A ). Clec9a expression was undetectable in MDPs and starts in CDPs ( fig. S2B ) (12) , reaching high levels in the cDC1 subset ( fig. S2C) (9, 13) . In agreement, >98% of splenic cDC1s expressed tdT, whereas cDC2 and pDCs showed incomplete labeling (fig. S2, D and E). Clec9a-tdT MEFs were purified by fluorescence-activated cell sorting (FACS) to remove rare contaminating hematopoietic (CD45 + ) and tdT + cells ( fig. S2F ) and used to screen candidates cloned individually in doxycycline (Dox)-inducible lentiviral vectors (3) . MEFs were transduced with 18 transcription factors or smaller combinations, cultured in the presence of Dox, and evaluated for tdT expression (Fig. 1A ). After transduction with 18 candidates or one of the pools of four transcription factors, we observed the emergence of tdT + cells ( fig. S3A ). The pool comprising PU.1, IRF4, IRF8, and BATF3 generated more tdT + cells than 18 transcription factors (2.36 ± 0.75% and 0.61 ± 0.04%, respectively), suggesting that the minimal combination required to induce Clec9a-tdT activation is contained within this pool ( fig. S3B ). TdT + cells were not detected after transduction with the M2rtTA vector. As an additional control, highlighting tdT + cell morphology. Scale bars, 50 m. (I) Scanning electron microscopy analysis of tdT + and M2rtTA-transduced cells. Scale bars, 10 m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA with Bonferroni's test.
we tested C/EBP and PU.1 described to induce macrophage-like cells (4) . As expected, no Clec9a-tdT reporter activation was observed despite the induction of 5.5% CD45 + cells (Fig. 1B and fig. S3C ).
Inducing DC fate with a minimal transcription factor network
We next removed each of the factors from the pool of four transcription factors ( fig. S3D ). PU.1, IRF8, and BATF3 (PIB) removal reduced reporter activation, whereas removal of IRF4 did not have an impact, suggesting that PIB are essential for DC reprogramming. Indeed, removal of PU.1, IRF8, and BATF3 from the PIB combination completely abolished reporter activation, whereas their individual expression was not sufficient to generate tdT + cells (Fig. 1C) . The reprogramming efficiency estimated by reporter activation was 4.26 ± 0.44% and was not increased by the presence of cytokines involved in DC specification (6) , stimulation with lipopolysaccharide (LPS), different media compositions ( fig. S3E ), or coculture with stromal cells ( fig. S3F) (14) . In addition, survival of tdT + cells in culture was not improved in the presence of Flt3l ( fig.  S3G ). Then, we assessed the impact of adding transcription factors from the initial candidate pool (Fig. 1D ) and other hematopoietic regulators (Fig. 1E) . Addition of TCF4 increased reporter activation (2.2-fold) (Fig. 1D ) but could not replace the action of PU.1, IRF8, or BATF3 ( fig. S3H ). Thus, we focused on the PIB combination sufficient to induce reporter activation. TdT + cells started to be detected between days 1 and 2 and peaked between days 5 and 7 (Fig. 1F) . Using time-lapse microscopy, we observed that reporter activation occurs after ~30 hours and that tdT + cells exhibited morphology changes, migration capacity, and dendrites that were gradually established within 6 days ( Fig. 1G and movie S1). We used these data to quantify cell division, which represents a rare event (3 of 155 and 4 of 159 before and after reporter activation, respectively) and therefore may not be strictly required for the reprogramming process. TdT + cells displayed increased side scatter ( fig. S3I) , consistent with the observed stellate morphology and the establishment of dendrites, while losing the initial fibroblast morphology and F-actin fibers (Fig. 1, H and I, and fig. S4 ). Thus, we identified PIB as the minimal transcription factor network necessary to induce Clec9a-tdT reporter activation and acquisition of DC morphology.
Expression of cDC1 and APC surface markers
We then asked whether activation of the Clec9a-tdT reporter was reflected in the expression of DC markers at the cell surface. The cDC1 markers XCR1 and CD103 are expressed in 31.6 and 27.3% of tdT + cells, respectively, suggesting the specification of a cDC1-like program ( Fig. 2A) . Moreover, we could detect only residual expression of cDC2, pDC, macrophage, or monocyte-derived DC markers ( Fig. 2B and fig. S5A ). The in vivo combined expression of PIB is mostly enriched in cDC1 cells ( fig. S5B ). Spi1, which encodes PU.1, is equally expressed in MDPs, CDPs, and pre-DCs, whereas Irf8 expression markedly increases in CDPs and Batf3 is up-regulated later at the pre-DC stage ( fig. S5C ). Spi1 levels are higher in both pre-DC subsets, whereas Irf8 and Batf3 are mostly enriched in pre-cDC1 and cDC1 cells ( fig. S5D ). When compared with other mononuclear phagocytes, Clec9a, Spi1, Irf8, and Batf3 display combined enrichment in the cDC1 subset ( fig. S5E ). Thus, these data suggest that PIB promotes reprogramming of fibroblasts toward DC-like cells that express bona fide cDC1 markers.
Then, we evaluated the expression of MHC molecules, key for the establishment of APC functionality; 56. 7 and 71.4% of tdT  + cells  at day 7 expressed MHC-I and MHC-II at the surface, respectively,  whereas the tdT  − compartment contained a lower percentage of  MHC-I  + and MHC-II  + cells (11.2 and 14 .2%, respectively) (Fig. 2C ). This population of cells may represent partially reprogrammed cells or inefficient Cre-mediated deletion. The expression of MHC-II in the tdT + compartment was gradually acquired starting at day 2 and peaked between days 7 and 11 (Fig. 2D) . By excluding each of the PIB factors individually, we observed that PU.1, but not IRF8 or BATF3, is essential for MHC-II expression (Fig. 2E) , consistent with the described role in controlling the master regulator of MHC class II genes transactivator (CIITA) (15, 16) . As IRF4 induces MHC-II expression in B cells but not in DCs (16), we asked whether IRF4 would compensate for the loss of PU.1 during reprogramming. Inclusion of IRF4 did not increase MHC-II expression or compensate for the loss of PU.1 (Fig. 2F) . We then evaluated expression of the costimulatory molecules required for efficient antigen presentation. CD80 and CD86 were coexpressed in 35.2% of tdT + MHC-II + cells (Fig. 2G) 
Transcriptional reprogramming of iDCs
To define the transcriptional changes during iDC reprogramming, we generated full-length single-cell transcriptomes (Fig. 3A) . One hundred sixty-three individual cells were profiled from nontransduced MEFs; sorted iDCs at days 3, 7 and 9; and freshly isolated splenic cDC1 cells. t-Distributed stochastic neighbor embedding (t-SNE) analysis of genome-wide transcriptomes revealed two main clusters of cells (Fig. 3B ). iDCs at day 3 and the majority of day 7 cells mapped close to MEFs, whereas a small percentage of day 7 and all day 9 iDCs clustered together with cDC1. TdT + cells showed progressive transcriptional changes starting at day 3. At day 9, iDCs are notably similar to bona fide DCs as confirmed by principal components analysis (PCA) and hierarchical clustering ( fig. S6 , A and B). We next extracted the most variable genes across the dataset, which could be organized in four clusters (Fig. 3C) . Cluster I comprised highly expressed genes in MEFs that are silenced during DC reprogramming (Fig. 3D) (3) . Cluster II included transcripts activated early during reprogramming (days 3 to 7) and associated with intracellular trafficking and type I interferon (IFN) signaling (Eea1 and Ifit3, respectively) (Fig. 3E) . Cluster III encompassed genes enriched at day 9 iDCs (Fig. 3E) . MHC-II and cross-presentation genes [H2-Pb, Ctsc, and Cd74 (17) ] are enriched in this cluster (Fig. 3E) . Accordingly, top biological process GO and pathway analysis showed enrichment for antigen processing and presentation ( Fig. 3F and  fig. S6C ). Top cellular component GO categories included lysosome and lytic vacuole, in agreement with the described role of lysosome signaling in coordinating antigen processing and migration of DCs (18) . MicroRNA target prediction showed enrichment of miR-155 and miR-124 targets ( fig. S6C ), previously implicated in DC function and specification. Last, cluster IV included genes enriched in cDC1s and iDCs (Fig. 3E) , such as Ptprc and Itgax, encoding CD45 and CD11c, respectively, and Ccr2 chemokine involved in DC migration (Fig. 3E ).
In addition, Ccr1, Ccr5, and Ccr7 were also up-regulated in reprogrammed cells at days 7 and 9 ( fig. S6D ). Cluster IV also included up-regulated cDC1-restricted genes, such as Clec9a, Tlr3 (7), and Nlrc5 (19) . We detected a robust increase in splenic cDC1 signature genes during reprogramming (Fig. 3G) (12) as well as cDC1-like Flt3l and Flt3l/Notch BM-DC genes ( fig. S6E) (20) . Collectively, these data suggest that PIB-mediated DC reprogramming favors the cDC1 subset.
This analysis also revealed activation of known DC transcriptional regulators, including Zbtb46, Bcl11a, Ikzf1, and Bcl6, included in the candidate transcription factor list (Fig. 3H) . ZBTB46 was proposed as a selective marker for distinguishing cDCs from other tissue phagocytes (21) . Endogenous Spi1, Irf8, and Batf3 expression started to be detected at day 3 ( Fig. 3I) , reaching comparable levels to cDC1 cells at day 9, which suggests that a stable DC fate has been acquired. Then, we performed gene set enrichment analysis (GSEA) to compare the dynamic pathway transitions between days 0, 3, 7, and 9 ( fig. S7A ). At day 3, 29 immune pathways were enriched, with interleukin-4 (IL-4) ranking on top, whereas at day 9, 24 gene sets were enriched, including multiple IL pathways and Oncostatin M associated with DC maturation. We then mapped the transcription factor networks involved in these transitions ( fig. S7B) . A dense network of 56 transcription factors highly connected to PIB at the early phases of reprogramming evolved to a network of 104 transcription factors that includes Zbtb46. These networks are enriched in mature DCs but not in DC progenitors, irrespective of reprogramming stage ( fig. S7C ). Concordantly, no colonies were observed in methylcellulose assays with PIB-transduced MEFs between days 3 and 25 and sorted cDC1 cells ( fig. S7D ). Then, we investigated whether the reprogramming process induces genomic instability and tumorigenic events. Day 9 iDC cultures displayed a normal karyotype ( fig. S8A) 
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Cluster IV the reprogramming process, while cell cycle arrest genes Cdkn1a, Trp63, and Tsc1 were induced ( fig. S8 , B and C). Together, these data support the idea that the DC reprogramming process is direct, does not transit through an intermediate progenitor state, and is not associated with tumorigenesis.
We next reconstructed the DC reprogramming path by establishing a pseudotemporal order based on the gradual transitions of single-cell transcriptomes (Fig. 4A and fig. S9A ). We observed three branches where MEFs, all day 3 iDCs, and 26 day 7 iDCs were placed along the first branch (state 1) and ordered consistently with the reprogramming timeline captured by component 1 (Fig. 4B ). Singlecell trajectory reconstitution identified a branching point, and samples were divided into states 2 and 3, captured by component 2. State 2 includes 82% of cDC1s, 3 day 7 and 13 day 9 iDCs. Conversely, 55% of day 9 iDCs and 11 cDC1s are placed within state 3 (Fig. 4B ). GO and pathway analysis revealed enrichment in state 3 for type I and type II (IFN-) IFN signaling ( Fig. 4C ), inflammatory mediators of DC activation and maturation (22, 23) . Branched expression analysis modeling (BEAM) also identified two kinetic clusters of branchdependent genes up-regulated in state 3 (clusters II and IV) functionally enriched in antigen presentation and immune-related processes ( fig. S9 , B and C), suggesting that the two states are indicative of different maturation profiles. Accordingly, branch kinetic curves reflect a continuous up-regulation of Ciita and H2-Eb1 toward state 3 ( Fig. 4D) , as well as antigen processing (Lgmn) and initiation of T cell response (Tnfrs1a) related genes. Because state 3 contains most of the day 9 iDCs, we sought to confirm that similar maturation traits were observed when comparing cDC1s (naïve) with day 9 iDCs. GSEA for immunologic signatures showed 774 gene sets enriched on day 9 iDCs, including IFN--and IFN--stimulated DC gene sets (Fig. 4E) . Antigen processing and presentation (e.g., Lgmn and Tabpb) and DC maturation (e.g., Lgal9 and Ptpn1) gene sets were also enriched in day 9 iDCs (fig. S9D ). Top biological processes GO and pathway analysis for the differentially expressed genes between day 9 iDCs and cDC1s highlighted the enrichment for antigen processing and presentation in day 9 iDCs (Fig. 4F ). Stat6 associated with immature DCs is up-regulated in cDC1s, whereas Stat1, described to increase with maturation, is up-regulated in day 9 iDCs (Fig. 4G ) (24) . Furthermore, the high levels of Ciita expression were driven mainly by promoter I in day 9 iDCs, a feature of cDCs (Fig. 4H) . Collectively, these data suggest that iDCs are intrinsically more mature than nonstimulated cDC1 cells, recapitulating a transcription profile of IFN-stimulated DCs.
Functional reprogramming into APCs
We confirmed that iDCs express Tlr3 (Fig. 3E) , Tlr4, and the mediators of TLR signaling Ticam2, Traf6, and Ikk ( fig. S10A ). Accordingly, upon TLR3 [polyinosinic-polycytidylic acid (PIC)] or TLR4 (LPS) (Fig. 5A ) challenge, we observed an increase in IL-6 secretion (2.1-and 3.1-fold, respectively) by purified populations of tdT + iDCs at day 9. Tumor necrosis factor- (TNF-) secretion also increased 1.3-and 1.4-fold after PIC and LPS stimuli. In contrast, iDCs did not secrete IL-10 with or without stimulation. M2rtTA-transduced MEFs only secreted IL-6 upon stimulation with bacterial LPS. Similar results were observed in nonpurified PIB-transduced cells ( fig. S10B ). We observed that 31.2% of iDCs produce IL12p40 in response to LPS/ profilin/CD40L stimulation (Fig. 5B) . These results suggest that iDCs underwent maturation toward a proinflammatory profile and support the cDC1 affiliation of PIB-induced cells.
We also confirmed that iDCs express key mediators of receptormediated endocytosis (Fcgr2b, Tfr2, and Mrc1) and macropinocytosis of dead cells (Axl, Lrp1, and Scarf1) ( fig. S10C ). Thus, we evaluated the capacity of iDCs to capture exogenous antigens. First, we confirmed the ability of iDCs to engulf fluorescein isothiocyanatelabeled latex beads ( fig. S10D ) and fluorescent-labeled ovalbumin (OVA) ( fig. S10E ), suggesting that iDCs have established the competence for phagocytosis. Next, we evaluated whether iDCs were able to internalize dead cell material in vitro (Fig. 5, C and D, and  fig. S10F ), a key feature of cross-presenting DCs (25) . After overnight incubation with labeled dead cells, 65.7% of purified tdT + cells incorporated dead cell material (Fig. 5C ). Efficient uptake was confirmed by time-lapse microscopy ( Fig. 5D and movie S2), highlighting projected cellular protrusions to incorporate and engulf dead cells.
We then addressed the functional capacity of iDCs to promote antigen-specific proliferation and activation of CD4 + T cells (Fig. 5E ) using OT-II CD4 + T cells expressing a T cell receptor specific for the OVA 323-339 peptide presented in the context of MHC-II and splenic cDCs as control. When given OVA protein in the presence of LPS, iDCs display comparable ability to induce proliferation and CD44 expression in OT-II T cells when compared with cDCs (52.2% versus 63.8%) (Fig. 5, E and F, and fig. S10G ). As expected, the same was observed with the preprocessed peptide. In the absence of proinflammatory stimulation, 42.8 ± 8.84% of CD4 + T cells diluted carboxyfluorescein diacetate succinimidyl ester (CFSE) when cocultured with iDCs. This ability of iDCs to induce antigen-specific T cell responses even in the absence of stimuli further supports the IFNmatured state of iDCs (Fig. 4) .
We then assessed cross-presentation to CD8 + T cells, a key functional feature of cDC1s. We confirmed that iDCs express key regulators of the cross-presentation process, including Cybb, Atg7, Tap1, Tap2 (fig. S10H), and Cd74 (Fig. 3E) (26) . We evaluated antigen export from endosomes to the cytosol, a feature of cross-presentation via the cytosolic pathway, using a cytofluorimetry-based assay (Fig. 5G) (27) . After 90-min incubation with -lactamase, about 80% of CCF4-loaded iDCs contained cleaved CCF4 ( fig. S10I ). tdT + iDCs displayed similar levels of cleaved CCF4 to Flt3l/granulocytemacrophage colony-stimulating factor (GM-CSF) BM-DCs (Fig. 5H) , confirming that iDCs have the ability to uptake -lactamase and export it into the cytoplasm, leading to the generation of cleaved CCF4. We then evaluated cross-presentation of OVA in the context of MHC-I molecules by coculturing iDCs with B3Z T cell hybridoma cells. iDCs induced antigen-specific T cell activation in a concentrationdependent manner (Fig. 5I, left) that was further increased with PIC but not with LPS stimulation (Fig. 5I, middle) . Accordingly, it has been described that maturation of cDC1s with PIC enhances crosspresentation (28) . After OVA pulse incubation, purified tdT + cells induced T cell activation at comparable levels to BM-DCs (Fig. 5I , right). MEFs were included as control and did not induce T cell activation.
Last, we evaluated cross-presentation ability using MHC-Irestricted OVA-specific T cells (OT-I cells) after a short pulse with OVA protein (Fig. 5J and fig. S10J ). In the presence of PIC, 47.7% of CD8 + T cells diluted CellTrace Violet (CTV) and up-regulated CD44 expression after 3 days of coculture with purified iDCs (sorted tdT (Fig. 6A) . We observed an increase in the reprogramming efficiency for both vectors, reaching 10.08 ± 0.75% of tdT + cells with PIB poly (Fig. 6B) . The total MHC-II + population and the proportion of tdT + cells contained within were also increased 7.2-and 3.8-fold with PIB poly (Fig. 6C) . We confirmed that this difference in reporter activation was correlated with higher levels of expression for the first gene in the polycistronic cassette (Fig. 6D) , indicating that high levels of PU.1 are important for DC reprogramming efficiency and Clec9a reporter activation.
Then, to confirm that the polycistronic vector induced DC transcriptional reprogramming, we performed population mRNA sequencing (mRNA-seq) experiments of sorted tdT + MHC-II + CD45
+ cells isolated at reprogramming days 5, 7, 8, and 9 ( Fig. 6E and fig. S11 ). MEFs, splenic cDC1s, cDC2, and pDCs were included as controls. First, clustering analysis between differentially expressed genes between the three DC subsets was performed to define cDC1, cDC2, and pDC signature genes ( fig. S11A ). When intersecting the genes up-regulated during reprogramming with the subset signature gene list, day 9 iDCs shared 58% of the cDC1-specific genes and only 38 and 28% of the cDC2 and pDC genes, respectively ( fig. S11B ). Correlation matrix analysis also highlighted that iDCs' transcriptional profile maps closer to cDC1 than to the other DCs subsets and MEFs ( fig. S11C ). These results are consistent with activation of the cDC1-specific genes Xcr1, Clec9a, Rbpj, Ifi205, and Naaa and the lack of expression of the cDC2 and pDC markers Sirpa, Esam, Cd4, and Siglech ( fig. S11D ). Together, these data confirm the cDC1-like affiliation of iDCs. In addition, by profiling the same surface phenotype at different time points, we sought to characterize Then, we have used the PIB poly vector to transduce wild-type MEFs that do not carry any reporter (Fig. 6F) . At day 9, about 8% of PIB-transduced cells express MHC-II at the cell surface. We also detected CD45 expression in the MHC-II + population, indicating that iDC reprogramming occurs and can be traced in the absence of a reporter. We have observed a similar surface phenotype in wildtype adult tail-tip fibroblasts (TTFs), showing that adult cells are also permissive for iDC reprogramming (Fig. 6G) .
Induction of human DCs
Last, since the expression of CLEC9A, SPI1, IRF8, and BATF3 was also enriched in human DC type 1 (hDC1) cells ( fig. S12A ) (29), we asked whether the transcription factor network governing DC fate was conserved between mouse and human. Human embryonic fibroblasts (HEFs) were transduced with PIB poly (Fig. 7A) . After 9 days, human cells acquired DC morphology with cytoplasmic ruffles and protusions (Fig. 7B) . At day 3, CD45 + cells were already detected, suggesting that CD45 is an early marker of human iDC (hiDC) reprogramming (Fig. 7C and fig. S12B ). Histocompatibility antigen HLA-DR expression was only robustly detected later at days 7 and 9 (Fig. 7D) , and it was not increased in cultures with Fl3tl and GM-CSF ( fig. S12C) . At day 9, hiDCs displayed expression of the hDC1-specific markers CD141 and CLEC9A (Fig. 7E ) and functional ability to incorporate beads ( fig. S12D ), labeled OVA (Fig. 7F) , and dead cells (Fig. 7G) . Moreover, we extended our proof-of-concept experiments to adult human dermal fibroblasts (HDFs) that were also amenable for DC1-like reprogramming with PIB showing acquisition of DC morphology (Fig. 7H) and CD45, HLA-DR, CD141, and CLEC9A (Fig. 7, I and J). Together, our data strongly support the feasibility of using a direct reprogramming approach to generate patient-specific DCs from easily accessible human fibroblasts. Overall, iDC reprogramming might contribute to the future development of novel immunotherapies.
DISCUSSION
Here, we have shown that the combination of PIB efficiently reprograms mouse and human fibroblasts into functional DCs, termed iDCs. Conditional gene deletion on hematopoietic progenitors has shown that the E26 transformation-specific (ETS) family transcription factor PU.1 is essential for generation of cDCs and pDCs (8) . High levels of PU.1 in monocytes antagonize the macrophage factor MAFB and favors DC development (30) . Irf8 −/− animals develop a myeloproliferative syndrome characterized by the lack of pDC and cDC1 subsets (31) , and studies using conditional Irf8-deficient mice highlighted its role as a terminal selector of the cDC1 lineage (32) . BATF3 is a member of the activator protien-1 (AP-1) family of transcription factors expressed in both cDC subsets, but it is only required for the development of cDC1 cells (33) , thus considered BATF3-dependent DCs (7) . PIB have been shown to cooperate during DC specification. High levels of PU.1 are necessary to drive DC specification in an Irf8-dependent manner (8, 34) , consistent with the polycistronic data suggesting that high levels of PU.1 increase the efficiency of DC reprogramming. The initiation of IRF8 expression in CDPs is affected by a point mutation that affects the interaction between PU.1 and IRF8 (9) and impairs cDC1 but not pDC development (35) . Because of its low affinity to IFN-response elements, IRF8 can be recruited to target sites through interaction with ETS transcription factors. AP-1 transcription factors, such as BATF3, were also shown to interact with IRF4 and IRF8 at AP-1-IRF consensus elements (AICEs) (36) . In this context, it was recently shown that BATF3 binds to the Irf8 super-enhancer region, establishing an autoregulatory loop to maintain IRF8 levels after commitment to the cDC1 lineage (9) . However, because PU.1 and IRF8 overexpression is not sufficient to induce reprogramming, our results suggest that BATF3 may play additional roles during cDC1 specification (9). In-depth mechanistic studies on the direct reprogramming events governing conversion from fibroblasts into DCs may help in elucidating specification and segregation of DC subsets. For instance, it would be interesting to investigate whether IRF8-PU.1 and IRF8-BATF3 complexes cooperatively bind to DNA at ETS-IRF and AICEs to kick-start the reprogramming process. Overexpression of PIB induces rapid reporter activation, DC morphology, surface phenotype, and genome-wide transcriptional reprogramming favoring a cDC1-like fate. Single-cell and population transcriptomes showed high resemblance to bona fide splenic cDC1 cells, validating the fidelity of the reprogramming process. As previously described in reprogramming to cardiomyocytes (37) , population mRNA-seq results did not capture the asynchronous nature of the reprogramming process by revealing major transcriptional changes at early time points and clustering together day 5, day 7, day 8, and day 9 iDCs. In contrast, full-transcript single-cell mRNA-seq highlighted stepwise transcriptome transitions as verified by pathway and transcription factor network analysis. After 9 days, a robust transcription factor network is established, weakly correlated with PIB, suggesting reprogramming into a stable cell fate, in agreement with the activation of endogenous Spi1, Irf8, and Batf3 expression. During reprogramming to induced neurons, an intermediate transcriptional state resembling progenitor cells is transiently induced (38) . However, during DC reprogramming, induced transcription factor networks of mature cDC1s and the absence of colony formation potential support the concept of a direct reprogramming process that matures over time.
Collectively, our results show that a small combination of transcription factors is sufficient to induce DC-like cells that function as APCs. We showed that iDCs secrete inflammatory cytokines upon TLR3/4 stimulation and acquire the competence for phagocytosis of small particles, proteins, and dead cells. We have provided proof of principle that immune responses can be induced by direct cell reprogramming, showing that iDCs present antigens to CD4 + and crosspresent antigens to CD8 + T cells. These results represent a unique opportunity to merge the field of cell reprogramming and immunotherapy. cDC1 cells are essential for inducing T-cytotoxic responses and tumor clearance, making iDCs attractive as novel cancer immunotherapies (39) . Methods to generate BM-DCs have been extensively explored; however, BM cultures give rise to cDC1-like cells contained in a mix population of cDC2-and pDC-like cells (20, 40, 41 ). In our system, we have generated cDC1-like cells using a transcription factorbased reprogramming methodology. We have observed minimal to residual expression of surface markers reminiscent of cDC2 and pDC lineage commitment. As such, we believe that our system constitutes an instructive system that cell-intrinsically promotes the generation of cDC1-like cells. In addition, BM-based methods to generate DCs for therapy have limited translation utility because of scarce accessibility to starting material. Currently, human "DCs" are generated from peripheral blood mononuclear cells (PBMCs), often associated with compromised migration and cross-presentation ability. Therefore, adult fibroblasts could offer a viable alternative to generate human bona fide DC. The two approaches could potentially be synergistic because polycistronic delivery of PIB factors could be used in other cell types including BM progenitors and PBMCs to direct the generation of cDC1 cells. This study sets the foundation for a future thorough characterization of the in vivo stability and function of iDCs. It is conceivable that DCs in vivo receive tissue-specific cues that are difficult to reproduce during reprogramming. iDCs' stability, migration, antigen presentation, and cross-presentation should be addressed in wildtype, DC-depleted, and tumor-bearing animal models to fully understand the potential of DC reprogramming. Cell transfer experiments or inducing DC reprogramming in vivo (42) may help clarify the requirements for extrinsic and intrinsic regulation during DC reprogramming. This may be particularly important for antitumor vaccination where the utility of human cDC1 cells has been limited by their rarity and low yield.
Overall, we provide evidence that the combined action of PIB programs antigen-presenting cDC1-like cell fate in fibroblasts. These results provide insight into the molecular mechanisms regulating DC specification and constitute the foundation for the development of powerful cancer immunotherapies based on direct DC reprogramming.
MATERIALS AND METHODS
Study design
This study aimed at defining the minimal transcription factor combination necessary to reprogram fibroblasts in functional antigenpresenting DCs. All experiments were repeated at least once. The number of biological replicates for each experiment is indicated in the figure legends.
Mice
Clec9a
Cre/Cre animals (11) were crossed with Rosa26-stop flox -tdT reporter mice to generate double homozygous Clec9a
Cre/Cre Rosa tdT/tdT (Clec9a-tdT) mice in a C57BL/6 background. C57BL/6 mice were acquired from Charles River Laboratories, OT-II transgenic/Rag2 constitutive knockout (KO) (OT-II/Rag2KO) mice were provided by L. Graça, and OT-I mice were acquired from Scanbur. All animals were housed under controlled temperature (23° ± 2°C) and subjected to a fixed 12-hour light/12-hour dark cycle, with free access to food and water. Animal care and experimental procedures were performed in accordance with Portuguese and Swedish guidelines and regulations after approval from local committees.
Isolation and culture of MEFs
MEFs were isolated from E13.5 embryos of Clec9a-tdT or C57BL/6 mice as previously described (3, 11) . A single-cell suspension was obtained and plated in 0.1% gelatin-coated 10-cm tissue culture dishes in growth media. Cells were grown for 2 to 3 days until confluence, dissociated with TrypLE Express, and frozen in fetal bovine serum (FBS) and 10% dimethyl sulfoxide (Sigma). MEFs used for screening and in the following experiments were sorted for tdT − CD45 − with a purity of >99% and expanded up to four passages.
BM and spleen isolations
Total BM cells were harvested from long bones (tibias and femurs) by crushing with pestle and mortar. Freshly isolated spleens were homogenized using the frosted ends of two sterile slides. Cells were harvested in phosphate-buffered saline (PBS) supplemented with 2% FBS and filtered through a 70-m cell strainer (BD Biosciences). Red blood cells were lysed with BD Pharm Lyse (BD Biosciences) for 8 min at room temperature. Lysis was stopped by the addition of ≥5 volumes of PBS with 2% FBS.
Cell culture
Human embryonic kidney (HEK) 293T cells, MEFs, HEFs, and HDFs (ScienCell) were maintained in growth medium [Dulbecco's modified Eagle's medium supplemented with 10% (v/v) FBS, 2 mM lglutamine, and antibiotics (penicillin and streptomycin, 10 g/ml)]. OP9 and OP9-DL1 cell lines were cultured in minimum essential medium alpha containing 20% FBS, 1 mM l-glutamine, and antibiotics (43, 44) . B3Z hybridoma cells with a T cell receptor specific to the Kb/OVA 257-264 peptide complex (45) were grown in RPMI 1640, supplemented with 10% FBS, 2 mM GlutaMax, 10 mM Hepes, 1 mM sodium pyruvate, 1× nonessential amino acids, antibiotics, and 50 M -mercaptoethanol. All cells were maintained at 37°C and 5% (v/v) CO 2 . All tissue culture reagents were from Thermo Fisher Scientific unless stated otherwise.
Generation of BM-DCs
Total BM cells were plated in petri dishes (5 × 10 6 cells per plate) in RPMI complete media supplemented with GM-CSF (20 ng/ml). After 3 days of culture, 5 ml of fresh RPMI media with GM-CSF was added. BM-DCs were used after 8 days of culture. cDC1-like BM-DCs were generated by supplementing RPMI media with Flt3l (200 ng/ml) and GM-CSF (5 ng/ml) as previously described (41) .
Molecular cloning and lentiviral production
Coding regions of each candidate transcription factor (table S1) were individually cloned into the pFUW-TetO vector where expression is under the control of the tetracycline operator and a minimal cytomegalovirus promoter (FUW-TetO-TF) (3, 46) . For the polycistronic vectors, coding sequences for Spi1, Irf8, and Batf3 were cloned together in the pFUW-TetO plasmid interspaced with 2A self-cleaving peptides (47) . The first two coding sequences lacked the stop codon. A lentiviral vector containing the reverse tetracycline transactivator M2rtTA under the control of a constitutively active human ubiquitin C promoter (FUW-M2rtTA) was used for cotransductions (3, 48) . HEK293T cells were transfected with a mixture of transfer plasmid and packaging constructs expressing the viral packaging functions and the envelope VSV-G protein. Viral supernatants were harvested after 36, 48, and 72 hours; filtered (0.45 m); and concentrated 40-fold with Amicon ultracentrifugal filters (Millipore).
Viral transduction and reprogramming
Clec9a-tdT, C57BL/6 MEFs, and TTFs, HEFs, and HDFs were seeded at a density of 40,000 cells per well on 0.1% gelatin-coated six-well plates. Cells were incubated overnight with a ratio of 1:1 FUW-TetOTFs/FUW-M2rtTA lentiviral particles in media supplemented with polybrene (8 g/ml). When testing combinations of transcription factors, equal multiplicities of infection of each individual viral particle were applied. Cells were transduced twice in consecutive days, and media were replaced in between. After the second transduction, growth media were supplemented with Dox (1 g/ml), and this was considered day 0. Media were changed every 2 to 3 days for the duration of the cultures. When stated, variations of culture conditions were applied, namely, RPMI complete media, LPS (100 ng/ml; Sigma), 2-mercaptoethanol (2-ME; 1 × 10 4 M), l-glutamine (2 mol/ml), GM-CSF (10 ng/ml), IL-4 (20 ng/ml), and Flt3l (100 ng/ml; STEMCELL Technologies).
Fluorescent microscopy and immunofluorescence
Clec9a-driven tdT in MEFs was visualized directly on six-well plates under an inverted microscope (Zeiss AxioVert 200 M), and images were processed with AxioVision and Adobe Photoshop software. DAPI (4ʹ,6-diamidino-2-phenylindole; 1 g/ml; Sigma) and phalloidinAlexa Fluor 488 (50 g/ml; Sigma) were used to stain nuclei and F-actin, respectively. For time-lapse microscopy, fluorescent pictures were acquired immediately after adding Dox every hour for 6 days using an IN Cell Analyzer 2200 (GE Healthcare) coupled with a KiNEDx robot (PAA) and a Cytomat2 incubator (Thermo Fisher Scientific). Time-lapse imaging of dead cell phagocytosis was performed every 1 hour for 35 hours.
Flow cytometry analysis
Antibodies are listed in table S1. For screening of candidate factors, transduced Clec9a-tdT MEFs were dissociated with TrypLE Express and analyzed in Accuri C6 (BD Biosciences). For the analysis of surface marker expression, dissociated mouse and human cells were incubated with adequate antibodies diluted in PBS with 5% FBS at 4°C for 30 min in the presence of rat or mouse serum (1/100, GeneTex) to block unspecific binding. Cells were washed and resuspended in PBS with 5% FBS and analyzed in Accuri C6 or in FACSAria III (BD Biosciences). Flow cytometry data were analyzed using FlowJo software (FLOWJO LLC, version 7.6). Unless stated otherwise, all flow cytometry analyses were performed in single live cell gates.
Fluorescence-activated cell sorting
To purify C57BL/6 and Clec9a-tdT MEFs, we incubated cells at 4°C for 30 min with anti-CD45 antibody and purified them in FACSAria III. For isolation of DCs, splenocytes were purified according to gating strategies defined in fig. S13 . For functional experiments, DCs were first enriched using Pan-DC Enrichment beads (Miltenyi). For isolation of iDCs, cells were dissociated using TrypLE Express and resuspended in PBS with 5% FBS, and tdT − or tdT + cells were purified. When mentioned, cells were incubated with rat antimouse I-A/I-E and CD45 antibody in the presence of rat serum for 30 min at 4°C. . cDC1s were isolated from C56BL/6 mice ( fig. S13 ). Single-cell capture was performed on a C1 Auto Prep System (Fluidigm) according to the manufacturer's instructions. Briefly, 500 to 1000 cells/l in C1 Cell Suspension Reagent (3:2 ratio) were loaded onto a 5-to 10-m or a 10-to 17-m C1 Single Cell mRNA-seq IFC chip. A microscope was used to exclude samples with no cell, more than one cell, or samples with cellular debris. Single cells were lysed, and reverse transcription and complementary DNA (cDNA) preamplification were performed in the chip using the SMART-Seq v4 Ultra Low RNA Kit for Illumina Sequencing (Clontech). During reverse transcription, adaptors were incorporated within the primers, allowing amplification of full-length transcripts by polymerase chain reaction (PCR). cDNA was harvested immediately after finishing the program and stored at −20°C. cDNA was quantified using the Quant-iT PicoGreen doublestranded DNA Assay Kit (Life Technologies) and read on a fluorescence MicroPlate Reader (Synergy H1, BioTek). Samples were then diluted to a final concentration of 0.15 to 0.30 ng/l using C1 Harvest Reagent. Sequencing libraries were prepared using the Nextera XT DNA Library Prep Kit (Illumina) modified for single-cell mRNAseq. Tagmented cDNA was amplified using the dual index primers (Nextera XT DNA Index kit 96 indices, Illumina), and 96 single-cell libraries were pooled together. Clean up reactions were done with AMPure XP beads (Beckman Coulter Genomics). The concentration of the pooled libraries was determined using Agilent Bioanalyzer using the High Sensitivity DNA Analysis Kit (Agilent). Libraries were sequenced, yielding, on average, ~4.8 million 75-nucleotide single-end reads per sample on a HiSeq 2000 platform.
Single-cell mRNA-seq analysis
Single-end reads were mapped to the mm10 mouse genome (Ensembl annotation, release 89) using Salmon v0.8.1 with k = 21. The resulting transcripts per million were imported into R using tximport library and converted into mRNA counts using the Census algorithm implemented in Monocle library (49) . Scater library was used to include cells and genes that pass quality control thresholds, according to the following criteria: (i) total number of mRNA census counts detected per sample >50,000, (ii) number of genes detected in each single cell >1000, and (iii) percentage of counts in mitochondrial genes <9%. From the 192 cells initially profiled, 163 individual cells passed quality control filters and were used for analysis. Custom R scripts were used to perform t-SNE (Monocle and Scater package), PCA (Monocle and Scater package), clustering (SC3 package), and analysis of variance (ANOVA) and to construct heat maps, box plots, scatterplots, violin plots, dendrograms, bar graphs, and histograms. Generally, ggplot2, gplots, graphics, and pheatmap packages were used to generate data graphs.
Differential expression analysis was performed using Monocle, selecting genes with Benjamini and Hochberg (BH)-corrected P values <0.05. The resulting genes were next filtered by variance (genes with variance ≥1 across all conditions were selected). Last, the resulting 6525 genes were grouped into four distinct clusters based on complete-linkage hierarchical clustering (pheatmap package).
To estimate the endogenous expression of genes, the mapping procedure was repeated using STAR v2.5.3a with default settings. The number of reads in the 5′ untranslated region (5′UTR) and 3′UTR was calculated using multicov from bedtools v2.27.0. For the total expression, multicov software was also used considering the window (start of the gene, end of the gene). Log counts were displayed as box plots with whiskers extending to ±1.5 × interquartile range. cDC1 and cDC2 gene signatures cDC1 and cDC2 gene signatures were defined using splenic DC (10) and BM-DC data (20) . Genes were excluded from the analysis according to the following criteria: (i) genes in which expression in MEFs was significantly higher compared with day 3, day 7, or day 9 iDCs (logFC > 0, BH-corrected P value <0.05); (ii) genes from the cDC2 list that we found highly expressed in cDC1 compared with day 3, day 7, or day 9 iDCs (logFC > 0, BH-corrected P value <0.05). Next, for each selected gene, we calculated the median of gene expression across cells from each biological sample group. Last, we plotted the median of gene expression across the curated cDC1 and cDC2 gene signatures.
Pseudotime reconstruction
The Monocle package was used to order cells on a pseudotime course during MEF to iDC reprogramming (50) . Monocle analysis was performed based on cDC1 and cDC2 gene signatures (12) . Because the resulting single-cell trajectories include branches, BEAM was implemented to find differentially expressed genes between the branches (49). Alternatively, pseudotime reconstruction was performed using TSCAN software (51) .
Ciita promoter analysis
The three different promoters described in literature (52) were defined based on UCSC mm10 genes. The same length for each promoter was defined to account for effect associated with different window sizes. The number of reads for each promoter was calculated using multicov from bedtools v2.27.0. Next, we calculated the average per cell condition and estimated the proportion of promoter preferences.
Inflammatory cytokine assays
Levels of IL-6, IL-10, and TNF- were assessed in supernatants of purified tdT + cells at day 9 or in PIB-transduced MEFs 10 days after Dox. LPS (100 ng/ml) or PIC (25 g/ml) (Invivogen) was added for overnight stimulation. Fifty microliters of culture supernatants was collected and analyzed by the CBA Mouse Inflammation Kit (BD Biosciences) or by the LEGENDplex Mouse Anti-Virus Response Panel (BioLegend), according to the manufacturer's instructions. Acquisition was performed with Accuri C6 or FACSCanto, and data were analyzed using FCAP (BD Biosciences) or LEGENDplex (BioLegend) softwares. For IL12p40, PIB-transduced Clec9a-tdT MEFs at day 9 were incubated overnight in the presence of LPS (100 ng/ml), profilin (100 ng/ml) (Sigma), and CD40L (1 g/ml; BioLegend). On the following day, Golgiplug (1 l/ml; BD Biosciences) was added and incubated at 37°C for 4 hours. Cells were then harvested and intracellular staining of IL-12p40 was performed (Cytofix/Cytoperm; BD Biosciences).
Incorporation of dead cells
HEK293T cells were exposed to ultraviolet irradiation (50 J/m 2 ) to induce cell death and labeled with the CellVue Claret Far Red Fluorescent Cell Linker Kit (Sigma). Purified tdT + and tdT − populations at day 10 and PIB poly -transduced HEFs at day 9 were incubated with far red-labeled dead cells overnight, washed with PBS with 5% FBS, and analyzed in FACSAria III. DAPI staining was used to exclude floating or membrane-adherent dead cells. Dead cell incorporation was quantified in live tdT − and tdT + cells or HLA-DR + and HLA-DR − cells using far red staining. For time-lapse imaging of dead cell phagocytosis, dead HEK293T cells were labeled with DAPI and added to FACS-sorted PIB-transduced tdT + cell cultures immediately before starting image acquisition.
CD4
+ T cell isolation and antigen-presenting assays CD4 + T cells from spleen of OT-II/Rag2KO mice were enriched using the Dynabeads Untouched Mouse CD4 Cells Kit (BD Biosciences). Enriched CD4 + T cells (purity, ≥85%) were labeled with 5 M CFSE at room temperature for 10 min, washed, and counted. Twenty thousand PIB-transduced MEFs or 20,000 splenic CD11c + MHC-II + cells were incubated with 20,000 CFSE-labeled OT-II CD4 + T cells in 96-well round-bottom tissue culture plates with OVA protein (10 g/ml) or the OVA323-339 peptide (10 g/ml) in the presence or absence of LPS (100 ng/ml). After 7 days of coculture, T cells were collected and stained for CD44. T cell proliferation (dilution of CFSE staining) and activation (CD44 expression) were analyzed in Accuri C6.
Export to cytosol
The efficiency of antigen export to the cytosol by Clec9a-tdT + cells was analyzed by a cytofluorimetry-based assay as previously described (27) . Briefly, purified tdT + cells at day 7, unpurified population at day 16, or Flt3l/GM-CSF BM-DCs were resuspended in loading buffer and loaded with 1 M CCF4-AM for 30 min at room temperature. Cells were then washed and incubated with -lactamase (2 mg/ml) at 37°C for 30, 60, and 90 min. To stop the reaction, we transferred cells to ice-cold PBS. Immediately before flow cytometry analysis in FACSAria III, cells were stained with Fixable Viability Dye eFluor 780 (eBioscience).
CD8
+ T cell isolation and antigen cross-presentation assays CD8 + T cells from spleen of OT-I mice were enriched using a naïve mouse CD8 + T cell Isolation kit (Miltenyi). Enriched CD8 + T cells were labeled with 5 M CTV (Thermo Fisher) at room temperature for 20 min, washed, and counted. FACS-sorted tdT + and tdT − cells at day 8, MEFs, freshly isolated splenic cDC1 cells (CD11c  + MHC-II   +   CD8  + ) , and Flt3l/GM-CSF BM-DCs were incubated at 37°C with OVA protein (100 g/ml) in the presence of PIC (25 g/ml) for 10 hours. After extensive washing, 20,000 APCs were incubated with 100,000 CTV-labeled OT-I CD8 + T cells in 96-well round-bottom tissue culture plates with PIC (25 g/ml). After 3 days of coculture, T cells were collected, stained, and analyzed in BD LSRFortessa. T cell proliferation (dilution of CTV staining) and activation (CD44 expression) were determined by gating live single TCR + CD8 + T cells. For hybridoma cross-presentation assays, PIB-transduced Clec9a-tdT MEFs at day 16 after the addition of Dox were dissociated with TrypLE Express, resuspended in growth media, and incubated for 4 hours with different concentrations of OVA protein. After washing three times with PBS with 5% FBS, 100,000 PIB-transduced MEFs were cocultured with 100,000 B3Z cells in 96-well round-bottom tissue culture plates in the presence or absence of LPS (100 ng/ml) or PIC (25 g/ml). Alternatively, FACS-sorted tdT + cells at day 8, nontransduced MEFs, and Flt3l/GM-CSF BM-DCs were incubated at 37°C with OVA protein (100 g/ml) in the presence of PIC (25 g/ml) for 10 hours. Fifty thousand APCs were cocultured with 100,000 B3Z cells in 96-well round-bottom tissue culture plates in the presence of PIC. After 18 hours, cells were lysed in 0.125% NP-40 (Tergitol, Sigma), 9 mM MgCl 2 , and chlorophenol red--D-galactopyranoside -galactosidase substrate (Roche). -Galactosidase activity was measured on a MicroPlate Reader at an absorbance of 590 nm.
Western blot C57BL/6 MEFs transduced with polycistronic vectors were harvested 48 hours after the addition of Dox. Cells were resuspended in radioimmunoprecipitation assay buffer (Thermo Scientific) for 20 min, and protein extracts were diluted 1:2 in Laemmli buffer (Bio-Rad) with 5% 2-ME (Sigma) and boiled at 98°C for 8 min. Samples were run in NuPAGE 4 to 12% bis-tris (Invitrogen) SDS-PAGE gels using XCell Sure Lock (Invitrogen) and MOPS SDS running buffer (Invitrogen). Transfer was done using iBlot (Thermo Scientific) dry system for 7 min. Membranes were incubated overnight with unconjugated primary antibodies against PU.1, IRF8, or calnexin and with donkey anti-rabbit horseradish peroxidase-conjugated secondary antibody diluted at 1:4000. Membranes were incubated with ECL prime (Amersham) for 5 min, and data were acquired in ChemiDoc (Bio-Rad).
Statistical analysis
Comparisons among groups were performed by one-way ANOVA followed by Bonferroni's multiple comparison test with GraphPad Prism 5 software. P values are shown when relevant (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, nonsignificant).
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